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I. INTRODUCTION
Molecular electronics will be a commercial technology as long as every part of a circuit (wire, capacitor, inductor, battery, etc.) can be constructed with one or few molecules. [1] [2] [3] Molecular logic gates, rectifiers, transistors, motors, etc., could be then obtained from these building blocks. [3] Research on this interesting and challenging topic is ongoing. [1] [2] [3] [4] [5] As being made from one or few molecules, these molecular devices might lose their stability as an isolated entity (or their properties might change drastically) when interacting with the other devices and/or different environments. Thus they must be well characterized and tested in vivo. Currently, it is not always feasible to experimentally control them and measuring their properties due mainly to their nanometric size and/or weak bonding.
[ [3] [4] [5] As in other research fields, computational simulations can be important tools for the characterization of these molecular devices.
Using a single molecule as a wire (conductor) has been the research topic of many experimental and theoretical works. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] The system lead-molecule-lead has been theoretically modeled as clustermolecule-cluster to: 1) make the calculations easier, 2) model part of the lead-cluster-molecule-clusterlead array, and 3) estimate the use of the (cluster-molecule-cluster) n (n>1) as the potential wire itself. [19] [20] [21] [22] [23] A dithiol linking two gold clusters (like the systems studied here) has been previously studied [19] [20] [21] [22] [24] [25] [26] [27] [28] [29] [30] due to the special properties of gold nanoclusters and its preferential bonding with sulfur in self-assembled-monolayers and passivated gold nanoclusters by thiols. [31] [32] The chemical bonding between sulfur and gold plays an important role as bridge between the organic and the "metallic" part. Yet, the precise nature of the chemical bonding between gold and sulfur in these systems remains as a question to be answered. [31] [32] [33] This paper aims to shed some light on this direction.
In this work, we performed relativistic unrestricted Kohn-Sham DFT calculations for computing the structural, electronic, and QTAIM properties of the two lowest-energy isomers of the cluster complexes (see Figure 1 below) Au 4 -S-C n H 2n -S'-Au 4 ' (n=2-5). These properties are analyzed as a function of the size of the alkanedithiols (number of carbon atoms) in-the-complex. QTAIM analysis was performed for both computing the atomic properties and determining the chemical bonding mainly at the goldthiol interface. The change on the alkanedithiol (gold cluster) properties (e.g. charge) in-the-complex with respect to the corresponding properties as an isolated molecule (gold cluster) was determined. One can thus quantitatively determine the influence of the "metallic" part (gold nanoclusters) on the organic part (alkanedithiol) properties in-the-complex and vice versa. It is worth mentioning that until recently the QTAIM properties had only been computed within the Bader's original non-relativistic formulation.
[34] Recently, however, the scalar relativistic zeroth-order regular approximation (ZORA) extension of QTAIM was introduced [35] and computationally implemented/tested by us. [36] As for other properties, relativistic effects on the QTAIM properties are important for heavy atoms (like gold). [36] The QTAIM properties reported in this work for the cluster complexes Au 4 -S-C n H 2n -S'-Au 4 ' were computed at the relativistic ZORA level of theory (by the first time as far as we know for these systems). The remainder of the article is organized as follows: The computational details are introduced in Sec. II. Our results and conclusions are shared in Secs. III and IV, respectively.
II COMPUTATIONAL DETAILS
All calculations were performed with the Amsterdam Density Functional (ADF 2014) package. [37] [38] [39] A partial search the potential energy surface (PES) of the complexes Au 4 -S-C n H 2n -S'-Au 4 ' for each size (n=2-5) was carried out. A family of at least 7 different nuclear geometries of each cluster complex were constructed to be used as initial structures in the geometry optimizations considering two different spin states (M=2S+1=1,3) in each case. The optimized structures of the isolated alkanedithiol (n=2 -5) and two isomers (planar diamond and tetrahedral geometry) of Au 4 (see Figure 1 below) were used to construct the starting geometries for the complex optimizations changing the relative position of one gold atom of the Au 4 isomer and the sulfur atom in the thiols. The two lowest-energy isomers of each complexes Au 4 -S-C n H 2n -S'-Au 4 ' (n=2-5) obtained via this process are reported here. The geometries were fully optimized at the relativistic ZORA unrestricted DFT level of theory (ZORA-U-DFT), considering a convergence threshold for the energy gradients with respect to the nuclear coordinates equal to 10 -3 Hartree/angstrom without using any molecular symmetry restriction. For the two lowest energy isomers of each complex size, n=2-5, (see Figure 1 ), an all-electron self consistent field (SCF) single point (SP) ZORA DFT calculation followed by a QTAIM calculation was performed at the optimized geometry. The relativistic ZORA-QTAIM calculations were performed using our ultrafast method as implemented in ADF [40] [41] [42] . For both geometry optimization and SP calculations, the (generalized-gradient-approximation) Perdew-Burke-Ernzerhof (PBE) [43] functional and a triplepolarized Slater (TZP) basis set were used. [37] [38] [39] For the geometry optimization, the 1s-4f core has been kept frozen (FC) for Au atoms. Unless otherwise stated, the ADF default setting for the SCF, geometry optimization, and QTAIM property calculation procedure were used. [37] [38] [39] [40] [41] [42] 
III RESULTS AND DISCUSSION
A. Structural Properties Figure 1 shows the optimized structure of the two lowest-energy isomers for each cluster complex size (n=2-5) along with the lowest-energy structure (planar diamond) of the isolated Au 4 , and the C 2 H 4 S 2 H 2 as a representative Au 4 cluster and alkanedithiol. In order to understand the scope of our approximations, let us first compare our data with previous calculations are available. There is a consensus on the planar diamond (trapezoid) as the lowest-energy structure of Au 4 (see Figure 1(a) ).
From Figure 1 we can see that average Au-Au bond distance obtained at our level of theory (UPBE- (singlet) while we found that this state is 0.1eV higher in energy than the state M=3 (triplet). Actually we found that the spin state M=3 is the lowest energy state for each isomer in all cases, which can be seen in Figure 1 (b)-(f). Only the properties of these lowest-energy (triplet) isomers are reported here.
The type of bonding between sulfur and gold atoms (S-Au(i)) in these isomers (n=2, Figure 1 (b)) is depicted in the diagram of Figure 2 (i). Sulfur is bonded to two gold atoms of different bond distance (2.43Å and 2.37Å). As can be seen in Figure 1 (b) (see also Table 3 ), differences between the equivalent "large" bonds (2.43Å) attached to both sides (Au 4 and Au 4 ') is in the 3 rd decimal place for both isomers; differences between "short" bonds are also in the 3 rd decimal except for the bond attached to Au 4 of Isomer 1, for which the difference is in the 2 nd decimal place with respect to all other equivalent short bonds (see also Table 2 ). As can be seen in Figure 1 (b), the S-C and S-C' bond distances are different in Isomer 1 (1.861Å and 1.859Å, respectively) and equal in Isomer 2 (1.861Å).
The maximum difference between our bond distance value (Isomer 1) and the corresponding ones reported by Basch and Ratner is equal to 2.4% (with respect to their M=3 isomer for which the S-C and S-C' bond distances are different). [20] Thus our data obtained (at the U-PBE-TZP-ZORA level of theory) is in relatively good agreement with previous calculations. [20] The optimized structure of the two lowest-energy isomers for the larger cluster complexes (n=3-5) can be seen in Figure 1 is bonded to two gold atoms of Au 4 (planar diamond) via almost equivalent double bonds (2.32Å and 2.37Å), its bond with carbon is broken forming a thiolate (see Figure 2 (iv)). The Bader charge of this sulfur atom is equal to -0.254a.u. (see Table 3 below and the related discussion). The carbon atom that was bonded to S now gets bounded to one gold atom on the minor axis of the trapezoid Au 4 nanocluster (see Figure 1 (c)) making the bridge between the alkane chain and Au 4 nanocluster. The C-Au bond distance and C-Au-S angle are equal to 2.108Å and , respectively (see next subsection). Figure 3 shows the molecular graphs of the cluster complexes (b)-(e) along with the ones for isolated Au 4 and C 2 H 4 S 2 H 2 (a). These are the corresponding molecular graphs for the structures shown in Figure 1 . Tables 1-3 show the bond information for the isolated systems (Au 4 and C 2 H 4 S 2 H 2 ) and the cluster complexes. According to QTAIM, there is a bond critical point (BCP) of the electron density between any pair of chemically bonded atoms in a molecule (cluster or solid). [34] A general and interesting trend we found for the S-Au(i) bonding type (see Figure 2 ) is that there is not a chemical bond between the two gold atoms that participate in it, since there is not a BCP between such Au atoms (see Figure 3 (b)-(e)). Thus, according to QTAIM, when sulfur gets bonded to two gold atoms via a SAu(i) bonding type, the original bond between these two Au atoms, which can be seen is predicted by the existence of a BCP in isolated Au 4 (see Figure 3(a) ), is broken. However, notice that the standard software molecule viewer used to get the 3-dimensional structure of the complexes in Figure 1(b) -(e) put a stick between these pair of Au atoms, which is based solely on distance criteria and should not be mistaken for a bond unless an electronic structure analysis confirms the existence of a bond1. As can be seen from Figure 1(b) -(e), the Au-Au distance between these two Au atoms linked to S is greater than 3Å. This distance is greater than the average first neighbour distance reported for gold nanoclusters which is typically in the range 2.6-2.84Å (see for instance Figure 1(a) ), it is even greater than the average first neighbour distance in bulk gold (2.88Å). [45] [46] From Figure 3(b) -(e), we can also see that these two Au atoms involved in the S-Au(i) bonding type are also linked to another Au atom in Au 4 . Thus these three Au atoms along with S form a ring which is confirmed by the existence of a ring critical point (RCP) as can be seen in green in Figure 3 (b)-(e). Table 3 shows the bond information for the S-Au interface organized according to the bonding classification of Figure 2 . Notice that there is general correlation between the bonding type and the bond information (charge, , and bond distance R e ). Equivalent S-Au bonds have (approximattely) the same bond information independently of the size of the cluster complex (see Table 3 ). In the SAu(i) bonding type, S (Au) gets negativelly (positivelly) charged forming an electrostatic dipole moment. This dipole is greater for the shorter bond as could be expected, the positive charge of Au is almost one order of magnitud greater in the shorter bond (~0.1a.u) than in larger bond (~ 0.037a.u. in average). There is an exception to this rule which happens for Isomer 1 of Au 4 -S-C 3 H 6 -S'-Au 4 ', in which sulfur has a small positive charge (0.01a.u.) and gold a negative charge (-0.041a.u) (see Table 3 ).
B. QTAIM (Bader) Properties
The reason of this exception is because, interestingly, in this system S gets also bonded to the S', that is, a S-S' bond is formed which is predicted by the BCP between S and S' (see Figure 3(c) ). The bond distance for this S-S' bond is equal to 2.731Å (see Table 2 ) which is actually in the range (2. is the one that is involved in the S-S' bond in Isomer 1 of Au 4 -S-C 3 H 6 -S'-Au 4 ' (see Figure 3 (c) and Table 3 ). The S-Au bond distance in S-Au(ii) bonding type is in the range 2.269-2.288Å which is shorter than the shortest bond distance (2.320Å) of the S-Au bonds in S-Au(i) bonding type (see Table   3 ). In the contrary, the density value at the corresponing BCP of the S-Au bond in S-Au(ii) is greater that any corresponing value of the S-Au(i) bonding type. All these S-Au bonds are formed between sulfur and one atom in Au 4 in its tetrahedral geometry (see Figures 1 and 3 ), which forms a closed geometrical region as predicted by the existence of a cage critical point (CCP, in blue in Figure 3 shell (non-covalent) type in both isolated Au 4 and in any cluster complex. The Laplacian electron density at the BCP for the S-Au bond is also positive. Thus, in principle, the S-Au bonds are also closed shell type. However, it is expected that these S-Au bonds have also some electrostatic character due to the dipole moment formed between S and Au (see Bader charges in Table 3 and related discussion above), which was predicted before by Pakiari and Jamshidi [49] . According to the values of the density ρ and its Laplacian at the corresponding S-Au BCPs (see Table 3 and the discussion above), which are in agreement previous calculations [49] , the S-Au(i) has the highest bond softening degree of these four bonding types, [50] which means that it is the weakest bond. The S-Au(ii) bonding type has the lowest bond softening degree, which means that this type of bond is the strongest one.
[50] The bond softening degree for bonding types (iv) and (iii) are between these two limits. Table 4 shows some electronic properties of the cluster complexes along with the ones for the isolated systems. As we can see from Table 4 , the two isomers for the complex Au 4 -S-C 2 H 4 -S'-Au 4 ' (n=2) are quasi-degenerated in energy. Their difference in energy is equal to 0.001eV. It is worth mentioning that we performed additional geometry optimizations for these two isomers considering a convergence threshold for the energy gradients with respect to the nuclear coordinates equal to 10
C. Electronic Properties
Hartree/angstrom. However, the small difference in energy (0.001) between these isomers holds. After a structural analysis we concluded that they are actually two different isomers with almost the same energy. Figure 4 shows the dependence of the HOMO-LUMO gap (E HL ) with respect to the number of carbon atoms in the alkane chain (n) in the cluster complex. As we can see from Figure 4 , E HL shows a zigzag behavior typical for nanoclusters particularly for gold nanoclusters. The value of the HOMO-LUMO gap is between 0.5 and 1.2 eV, which is also the typical values of small gold nanoclusters, like for isolated Au 4 for which E HL =0.99eV (see Table 4 ). [45] [46] In the contrary, the HOMO-LUMO gap of the isolated alkanedithiols grows quasi-steadily with n from 4.38eV (n=2) to (4.78eV) as can be seen from Table 4 . Notice the large value of E HL for these organic molecules. Thus we could conclude that the cluster complexes Au 4 -S-C n H 2n -S'-Au 4 ' (n=2-5) as a whole behave like nanoclusters rather than organic molecules, at least as the HOMO-LUMO gap concerns (the part that is "growing" in the cluster complexes is the organic part though).
IV CONCLUSIONS
We have performed relativistic unrestricted Kohn-Sham DFT calculations for computing the structural, Values of the electron density ( ), its Laplacian ( ) at the corresponding bond critical point (BCP in red in Figure 3(a) ) are shown in a.u.. The bond distance Re is also shown (in Å). Bader charges (a.u.) are shown in parenthesis. Table 2 . Bond information for the cluster comlexes complexes Au 4 -S-C n H 2n -S'-Au 4 ' (n=2-5). Values of the electron density ( ), its Laplacian ( ) at the corresponding bond critical point (BCP in red in Figure 3(b) -(e)) are shown in a.u.. The bond distance R e is also shown (in Å). Bader charges (a.u.) are shown in parenthesis. The bond information for the S-Au interface can be seen in Table 3 . Table 3 . The same bond information as shown in Table 2 for the S-Au bonds separated according to the bonding classification of Figure 2 . The S-Au bonds of the S-Au(i) bonding type are divided into two sets: short and large bonds. 
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